INTRODUCTION

CD4
+ Foxp3 + regulatory T (Treg) cells are crucial for maintaining immune homeostasis and peripheral tolerance due to their ability to suppress T cell responses. Consequently, mice and humans lacking Treg cells suffer from autoimmune and inflammatory disorders (Sawant and Vignali, 2014) . The transcription factor Foxp3 is critical for Treg cell development and instrumental in maintaining full Treg cell function (Sawant and Vignali, 2014) . Initiation and maintenance of Foxp3 expression are tightly controlled epigenetically and by various transcriptional regulators (Huehn and Beyer, 2015) . Besides the Foxp3 promoter, three conserved non-coding regulatory sequences (CNS1-3) have been identified that control Foxp3 transcription. Of these, the CNS2 region contains several demethylated CpG islands in committed Treg cells and, thus, guarantees heritable maintenance of Foxp3 expression (Huehn and Beyer, 2015) . However, Foxp3 + Treg cells have been suggested to dedifferentiate into Foxp3 À effector T cells, losing their suppressive capacity and producing proinflammatory cytokines (Sawant and Vignali, 2014) . E47, together with E12, HEB, and E2-2, form the E protein family of transcription factors, which upon homo-or heterodimerization with other helix-loop-helix (HLH) proteins regulate transcription through binding to E boxes located in promoter or enhancer regions of target genes (Murre, 2005) . E protein activity is restricted by heterodimerization with any member of the Id protein family. Id proteins (Id1-4) also belong to the HLH family. However, they lack the basic DNA-binding region; thus, the E-Id heterodimer does not bind to DNA (Murre, 2005) . The balance of the E proteins E47 and HEB with the Id proteins Id2 and Id3 controls T cell differentiation at various stages of T cell development and specification (Gao et al., 2014; Jones and Zhuang, 2007; Maruyama et al., 2011; Miyazaki et al., 2011 Miyazaki et al., , 2014 Rivera et al., 2000; Yang et al., 2011) .
In this study, we show that increased E47 activity led to the downregulation of Foxp3 expression in established Treg cells. Under homeostatic conditions, Treg cells expressed high levels of Id3, contributing to stable Foxp3 expression by restricting E47 activity. Interestingly, we found that E47 was not a direct repressor of Foxp3 transcription but rather acted by activating the expression of the transcription factor Spi-B. Both E47 and Spi-B stimulated the expression of suppressor of cytokine signaling (SOCS) 3 (SOCS3) that, in turn, hampered Foxp3 transcription. These findings suggest that the balance of Id3 and E47 controls Foxp3 expression in established Treg cells and that a dynamic regulation of this balance might contribute to Treg cell plasticity. Figure 1C ), nor was it due to increased cell death, as we did not detect any differences in the amount of viable cells after 3 days of stimulation ( Figure S1C ). Since Id3 À/À mice had a lower frequency of CD62L hi Treg cells compared to WT mice (data not shown),
we isolated CD62L hi naive-like Treg cells (Smigiel et al., 2014) to rule out the possibility that (legend continued on next page)
several cis-regulatory elements in the Foxp3 locus referred to as CNS1-3 have been reported ( Figure S3A ). CNS1 is critical for the TGF-b-induced Foxp3 expression, CNS2 is critical for the heritable maintenance of Foxp3 expression, and CNS3 controls the thymic de novo induction of Foxp3 expression (Huehn and Beyer, 2015) . Since Id3 À/À mice have normal numbers of thymic Foxp3 + Treg cells (Gao et al., 2014; Miyazaki et al., 2014) , we focused our analysis on the Foxp3 promoter, CNS1, and CNS2. E47 expression suppressed the activity of a reporter containing the Foxp3 promoter and both CNS1 and CNS2 in a dose-dependent manner ( Figure 2D ), clearly supporting our hypothesis that E47 represses Foxp3 transcription. More detailed analysis revealed that E47 repressed the activity of both the Foxp3 promoter and the CNS2 enhancer, while CNS1 enhancer activity was unaffected by E47 ( Figures S3B-S3E ). In silico analysis predicted the presence of two conserved putative E47-binding sites in the CNS2 enhancer and none in the Foxp3 promoter ( Figure S3A ). However, mutation of both putative E boxes did not abolish the inhibitory effect of E47 on the Foxp3-promoter-CNS1-CNS2 construct ( Figure 2E ), suggesting that E47 does not directly bind to CNS2 for suppressing Foxp3 transcription.
To investigate whether binding of E47 to the DNA is required for E47-mediated Foxp3 repression or whether E47 functions through other mechanisms (e.g., by sequestering positive regulatory factors, such as the cofactor p300/CBP), we analyzed the effect of an E47 mutant, E47 R558K , which can dimerize and interact with potential cofactors but cannot bind to the DNA (Voronova and Baltimore, 1990 ). This mutant did not inhibit luciferase expression using the Foxp3-promoter-CNS1-CNS2 reporter construct ( Figure 2F ), and it did not affect the maintenance of Foxp3 expression in Treg cells ( Figure 2G ), confirming that E47 binds to the DNA to indirectly mediate Foxp3 downregulation and that overexpression of E47 does not function by depriving the system of positive regulatory factors.
E47 Activates Expression of Spi-B, which Suppresses Foxp3 Expression in Treg Cells
To identify immediate E47 target genes in Treg cells and to identify potential negative regulators of Foxp3 transcription, we compared the gene expression profiles of TGF-b-induced Treg cells, which had been transduced with a tamoxifen (OHT)-inducible pMIT-E47-ER (endoplasmic reticulum) or control pMIT-bHLH (basic HLH)-ER vector and treated with OHT for 6 hr. 44 genes were activated, and only four genes were repressed by more than 1.5-fold in pMIT-E47-ER-compared to pMIT-bHLH-ER-transduced cells ( Figure 3A) . Specifically, we found greater expression of the transcription factors Figure 3F ). In line with this, Spib mRNA levels were substantially higher in E47-overexpressing than in control-transduced Treg cells ( Figure 3G ).
E47 and Spi-B Negatively Affect Foxp3 Expression by Activating SOCS3 Expression
To investigate whether E47 or Spi-B alone was sufficient to repress Foxp3 transcription, we analyzed Foxp3 mRNA abundance upon OHT-mediated induction of E47 or Spi-B in the presence of the protein synthesis inhibitor cycloheximide (CHX). Interestingly, Foxp3 mRNA abundance was not altered upon E47 or Spi-B activation in the presence of CHX ( Figure 4A ), suggesting that both activate the de novo synthesis of molecules that downregulate Foxp3 transcription. To determine whether E47 and Spi-B are co-dependent for repressing Foxp3 transcription, we analyzed whether Spi-B acts by activating E47 transcription. While E47 was able to activate Spib transcription independently of de novo protein synthesis in the presence of CHX, E47 mRNA abundance was not altered in OHT-treated pMIT-SpiB-ER compared to control-transduced Treg cells ( Figure 4B ). These data suggest that E47 acts upstream by directly activating Spib transcription, and, once its expression is induced, Spi-B-mediated repression of Foxp3 transcription does not require E47. Next, we hypothesized that both E47 and Spi-B act through activating the expression of a common transcriptional regulator and focused on SOCS3 and KLF4, as both were regulated by E47 as shown in our microarray data. Most interestingly, we found that Socs3 mRNA abundance was increased upon OHT-induced Spi-B activation ( Figure 4C ), while there was no change in Klf4 mRNA levels (data not shown). Importantly, Socs3 mRNA abundance was also increased in Id3 À/À compared to WT Treg cells after 3 days of in vitro stimulation with anti-CD3/CD28 ( Figure 4D ). Interestingly, SOCS3 overexpression decreased the percentage of Foxp3 + cells after retroviral transduction of TGF-b-induced Treg cells ( Figure 4E ) and in ex vivo isolated Treg cells ( Figure 4F) . Finally, to test whether the E47-mediated downregulation of Foxp3 expression is mediated by SOCS3, we retroviral-transduced control (Socs3 fl/fl ) and Socs3-deficient (Socs3 fl/fl lck cre) Treg cells with the control or E47 vector and determined the amount of Foxp3 + Treg cells after in vitro stimulation with anti-CD3/CD28. As demonstrated before, 72 hr after stimulation, the percentage of Foxp3 + cells was significantly less in pMIT-E47 compared to pMIT-transduced Treg cells ( Figure 4G ). In striking contrast, in Socs3-deficient Treg cells, E47 overexpression did not reduce the amount of Foxp3
+ cells compared to control-vector-transduced cells ( Figure 4G ), demonstrating that SOCS3 was necessary for the E47-driven downregulation of Foxp3 expression.
DISCUSSION
Here, we showed that the transcriptional regulator Id3 guarantees stable Foxp3 expression in Treg cells. Specifically, we found that E47, whose transcriptional activity is controlled by Id3, downregulated Foxp3 transcription by activating other regulatory proteins, and we identified the E47 target Spi-B as a repressor of Foxp3 transcription. Both increased E47 and Spi-B activity resulted in increased Socs3 expression in Treg cells, which, in turn, repressed Foxp3 expression ( Figure 4H) .
Loss of Foxp3 expression has been observed in subsets of Treg cells under chronic inflammatory conditions (Sawant and Vignali, 2014) . We show here that a subset of Id3-deficient or E47-overexpressing Treg cells lost Foxp3 expression upon in vivo adoptive transfer or TCR stimulation in vitro. Mechanistically, we found that E47 repressed Foxp3 transcription by acting on the Foxp3 promoter and the CNS2 enhancer and that the E47-mediated Foxp3 downregulation occurred independently of cell division. Therefore, although CNS2 is responsible for the heritable maintenance of Foxp3 transcription by propagating demethylated CpG islands, we propose that E47-mediated Foxp3 repression is not triggered by deficient propagation of CNS2 demethylation but, rather, by an active mechanism. Interestingly, NFAT (nuclear factor of activated T cells)-triggered interaction of the Foxp3 promoter and CNS2 enhancer partially restricts loss of Foxp3 expression in response to environmental cues such as TCR activation or cytokines (Li et al., 2014) . Although Nfat expression levels were not altered at 6 hr of E47 overexpression (data not shown), it might be possible that the E47-mediated, increased SOCS3 levels result in differential abundance of proteins required for Foxp3-promoter-CNS2-enhancer looping.
It has been shown that Treg cells that lost Foxp3 expression possess reduced suppressive activity and produce pro-inflammatory cytokines, such as interleukin (IL)-17, interferon (IFN)-g, and others (Bailey-Bucktrout et al., 2013; Sawant and Vignali, 2014 (Lefebvre et al., 2005; Rivera et al., 2000) . Our study showed that, in Treg cells, E47 and Spi-B both activated Socs3 transcription, and, at least in the case of E47, this was absolutely necessary for its repressive effect on Foxp3 in established Treg cells. It will be interesting to determine whether there are SOCS3-independent roles for Spi-B impacting Foxp3 expression, whether E47 and Spi-B need to act cooperatively for inducing Socs3 transcription, and whether there is Spi-B-independent Socs3 activation by E47. As changes in cytokine signaling are likely to be instrumental for the instability of Foxp3 expression in Treg cells during inflammation and infection, the cytokine-induced signal transducer and activator of transcription (STAT) proteins have been implicated in this mechanism (Sawant and Vignali, 2014) . Specifically, IL-2 driven STAT5 activity prevented the loss of Foxp3 expression in antigen-specific Treg cells during inflammatory autoimmune response (Bailey-Bucktrout et al., 2013) , while STAT3 promoted the loss of Foxp3 expression in Treg cells in acute graft versus host disease (Laurence et al., 2012) . STAT activation is hampered by the SOCS proteins. SOCS3 triggered Foxp3 downregulation in Treg cells as shown previously (Pillemer et al., 2007) and, most interestingly, Socs3 expression was upregulated by both high E47 and high Spi-B activity. SOCS3 predominantly controls STAT3 activity; however, it has also been implicated in controlling other STATs and pathways unrelated to STAT activity (Carow and Rottenberg, 2014) . STAT transcription factors bind to the Foxp3 gene locus. Specifically, STAT3 and STAT5 compete with shared DNA sequences in the Foxp3 CNS2 region (Basu et al., 2015) , and while STAT5 and STAT1 activate Foxp3 transcription (Burchill et al., 2007; Ouaked et al., 2009) , increased STAT3 binding has been correlated with Foxp3 repression (Laurence et al., 2012; Zheng et al., 2010) . However, further studies are needed to define the SOCS3 target and to understand the role and balance of STAT proteins in Treg cells with an altered Id3-E47 balance.
In conclusion, the present study identified E47, Spi-B, and SOCS3 as repressors of Foxp3 transcription in Treg cells. Spi-B expression is directly activated by E47, whose activity is normally restricted in Treg cells by high levels of Id3. Thus, modulating the Id3-E47 balance in Treg cells may be utilized to transiently prevent exaggerated immune suppression by Treg cells and therefore be important in supporting immune responses. In contrast, a deregulated Id3-E47 balance in Treg cells might result in autoimmunity through diminished Treg cell function; thus, therapeutic interference with the Id3-E47-Spi-B-SOCS3 network might provide useful for the therapy of immune-mediated disease.
EXPERIMENTAL PROCEDURES
Mice C57BL/6 mice were purchased from Charles River Laboratories. Rag À/À and Thy1.1 mice were obtained from institutional breeding colonies. Id3 À/À and Foxp3-IRES-mRFP mice have been described previously (Rivera et al., 2000; Wan and Flavell, 2005) . Socs3 fl/fl lck cre mice were generated as described previously (Carow et al., 2013) , using Socs3 fl/fl mice containing loxP-flanked Socs3 alleles (Yasukawa et al., 2003) . Mice were housed and bred in specific pathogen-free conditions, and all experiments were performed on 7-to 12-week-old mice. All animal experiments were approved and performed in accordance with the guidelines of the local animal care and use committees and the Regierungsprä sidium Freiburg.
Flow Cytometry and Cell Sorting
For details of FACS analysis and cell sorting, refer to Supplemental Experimental Procedures.
In Vitro T Cell Stimulation
For analyzing Foxp3 + stability in ex-vivo-isolated Treg cells, MACS (magneticactivated cell sorting)-or FACS-sorted Treg cells were stimulated using plate-bound anti-CD3 (2C11; 2 mg/mL) and anti-CD28 (37.51; 1 mg/mL) in the presence of IL-2 (500 U/mL) and blocking antibodies against IL-4 (11B11; 1 mg/mL) and IFN-g (XMG1.2; 1 mg/mL Luciferase Reporter Assay RLM-11-1 cells (Polansky et al., 2010) were transfected by electroporation, rested for 4 hr, and stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin as indicated, and luciferase activities were measured 18 hr post-stimulation with the Renilla-Juice KIT (PJK GmbH) and homemade Firefly substrate. For further details, refer to Supplemental Experimental Procedures.
Statistical Analyses
Statistical analyses were performed with Student's t test or one-way ANOVA, as indicated in the figure legends, using Prism 6 software (GraphPad Software). All p values <0.05 were considered significant.
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